During the last decade, label-free optical biosensors have become valuable tools for clinical and military use as well as drug discovery. They are important devices for a range of applications going from detection of infectious agents, toxins, proteins, and DNA to investigation of whole cell behavior. Modern label-free optical biosensors, such as the widely utilized surface plasmon resonance ͑SPR͒ method, 1 are based on an evanescent light field traveling along a planar surface, probing the target material deposited on the surface. Recently, a novel type of biosensor based on evanescent field coupling has been proposed. 2 This sensor exploits narrowlinewidth photonic resonances of dielectric microspheres ͑e.g., silica spheres of 300 m diameter, as in Ref. 2͒ , the so-called whispering-gallery modes ͑WGMs͒. These light modes are confined inside the sphere close to its surface by repeated total internal reflection. Molecular binding to the sphere outer surface creates a change of the optical polarizability in the evanescent field of the WGMs, which is detected as a change in the resonance wavelength. Since the light in WGMs can orbit many thousand times before escaping the resonator, the detection sensitivity of this method as compared to planar surface-based methods is expected to be greatly enhanced. 3, 4 We have developed an experimental setup to measure WGM resonances of polystyrene microspheres ͑PMs͒ held in aqueous buffer by optical tweezers, at a controlled distance from a glass substrate. With this setup, we detected sharp WGM resonances limited only by the intrinsic linewidth broadening, rather than by coupling to the substrate, 5 with Q factors as high as 4 ϫ 10 6 for a microsphere of 30 m diameter at 770 nm wavelength, promising for biosensing applications.
In our experiment, microspheres are injected into a homebuilt flow chamber with controlled fluidic delivery and two-side optical access ͑see Fig. 1͒ . The optical tweezers are created by a hollow cone of light at large angle obtained by focusing an annular beam with a high numerical aperture ͑NA= 1.3͒ microscope objective. The annular beam profile is shaped from a TEM 00 mode of a Nd:YAG ͑yttrium aluminum garnet͒ continuous wave laser at 1064 nm wavelength by a pair of axicons. A geometrical optics calculation 6 shows that the axial trapping force is doubled compared to a full cone illumination of equal aperture and power. 7 Additionally, the annular illumination facilitates the use of a standard oil immersion objective for trapping in water by reducing the impact of spherical aberrations created by the refractive index mismatch. Using a cone angle of 64°and a power of 250 mW, PMs of 15-40 m diameter were trapped through ϳ80 m of water from the chamber side near the objective. The gravitational force acts along the y axis which is transverse to the axial trapping direction ͑z axis͒. In those conditions, thermal position fluctuations of the PMs along the axial trapping direction were calculated to be Ϸ25 nm rms, which is smaller than the WGM evanescent field decay length and thus sufficient to control the coupling to the substrate. The position of the objective was controlled by a mechanical stage of 20 nm resolution, allowing calibrated axial movement of the trap, and thus of the distance z between the PM and the substrate.
WGMs were optically excited using a tunable distributed feedback ͑DFB͒ laser emitting at a wavelength around 770 nm, corresponding to a photon energy of ប ϳ 1.60 eV. The beam is focused onto the planar interface between a high index half ball lens ͑the substrate͒ and water, where it is totally internally reflected. When a PM is positioned in the evanescent field of the reflection spot, the exciting beam couples to the WGMs. The spot diameter of ϳ5 m and the excitation angle ϳ 55°were adjusted to optimize the coupling to the WGMs, which are detected as dips in the measured reflectivity spectrum. Both horizontal ͑x͒ and vertical ͑y͒ polarizations, which couple respectively to the transverse magnetic ͑TM͒ and transverse electric ͑TE͒ WGMs, are detected. A DFB laser operating below threshold provides a spectrally broad emission which is used for excitation of WGMs over a spectral range of several tens of meV. The reflection is dispersed by a high-resolution ͑ϳ6 eV͒ grating spectrometer and detected by a cooled charge coupled device ͑CCD͒ camera. Above threshold, the DFB laser emission is ultranarrow ͑16 neV͒ and can be temperature tuned over a range of 5 meV as well as rapidly scanned over 100 eV using a triangular current modulation at about 50 Hz. In this case, the detection uses two photodiodes and an oscilloscope to measure the difference between the vertically and horizontally polarized reflected intensities.
Reflectivity spectra measured with the CCD camera on a PM held in aqueous buffer are shown in Fig. 2 . We used a batch of PMs of 24 to 31 m diameter ͑Polysciences, Inc.͒ in purified water with surfactant ͑Triton X-100͒ at a volume concentration of 10 −4 , added to avoid sphere aggregation and attachment to the glass substrate. The sharpest resonances are attributed to n = 1 WGMs, where n is the mode order. Accurate determination of the sphere diameter and identification of mode numbers ᐉ of the WGMs were made by comparison of the resonance energies with calculated WGM energies using explicit asymptotic formulas. 8 For the PM in Fig. 2 , the diameter is determined to be 30.1± 0.2 m, using a refractive index 9 n P = 1.58± 0.005 at = 770 nm. By varying the excitation angle ͑see Figure 3 shows the reflectivity, measured with the CCD camera, for a TE1 resonance when varying the position of the trap d over a range from physical contact between PM and substrate ͑d Շ 0͒ to negligible coupling with the evanescent field. At large d, the measured resonance consists of several narrow lines. These multiple lines arise from the lifting of the degeneracy of the 2ᐉ + 1 azimuthal modes for PMs deviating from perfect sphericity, as previously observed for smaller polystyrene beads. 10 By approaching the substrate, the resonance becomes deeper and broader and the lifting of the degeneracy becomes indiscernible. The depth increases all the way to contact with the substrate, different from other reports of depth reduction, once the optimum coupling condition is surpassed, i.e., when the linewidth due to the coupling is larger than the intrinsic linewidth. 5, 11 This difference is due to our detection being sensitive only to the intensity within the spatial mode of the reflected excitation without PM, and not to the intensity in other substrate modes into which the WGM couples. Note that the distance z follows the trap position only for large distances. When the PM touches the substrate, its position is affected by interactions between its surface and the substrate. This interaction depends on the specific surface shape and is sensitive to the surfactant and contaminations. In the inset of The WGM linewidth ␥ c due to the photon escape into the bulk modes of the substrate is expected to be exponentially dependent on z, ␥ c ϰ exp͑−z / z 0 ͒, with a decay length z 0 given by the evanescent field intensity decay of the excited WGM. 5 From the effective index n eff we can calculate z 0 Ϸ 88 nm using ͑2z 0 ͒ −2 = ͑n eff 2 − n w 2 ͒k 0 2 , with the refractive index of water n w = 1.33. The resulting ␥ c versus z is given in the inset of Fig. 3 , showing a significantly stronger dependence on z than the measured linewidths. We attribute this finding to the lifting of the mode degeneracy in the experiment, introducing an additional broadening. By analyzing the linewidth of individual nondegenerate modes possible for distances above 500 nm, we find widths eventually limited by the spectrometer resolution ͑open circles in the inset͒.
We have used the scanning DFB detection to resolve the spectrum at a large distance z Ϸ 700 nm, in a regime where the WGM linewidth was observed not to be significantly influenced by the coupling to the substrate, i.e., in its intrinsic limit. A resulting high-resolution spectrum for a TM1 184 mode in a PM of 30.1 m diameter is given in Fig. 4 . The strongest observed peak has a linewidth ͓full width at half maximum ͑FWHM͔͒ of ␥ = 0.4 eV ͑0.2 pm͒, and thus a Q factor ប / ␥ =4ϫ 10 6 , the highest measure for a polystyrene microsphere. From this value we can calculate the photon storage time in the mode = Q / ͑k 0 c͒, with the speed of light c, yielding = 1.6 ns. Neglecting absorption and scattering losses, the Q factor of a 30 m diameter PM in water is calculated using Mie theory to be Q = 1.5ϫ 10 8 , much larger than the measured one. The absorption by water 12 at 770 nm is about 2.5 m −1 , only reducing the Q factor to 1.3ϫ 10 8 considering the small mode fraction of 4% in water. The intrinsic absorption in polystyrene at 770 nm is dominated by C-H overtone absorption, and can be estimated by the typical losses of polymer fibers 13 of less than 1000 dB/ km, corresponding to an absorption coefficient of 0.23 m −1 . This absorption would reduce the Q factor to about 5 ϫ 10 7 . We therefore believe that Rayleigh scattering ͑e.g., by surface roughness͒ still dominates the observed Q factor. Independent of this interpretation, the measured Q factor gives an upper limit for the absorption coefficient of polystyrene of ␣ = n P / c = 3.2 m −1 at 770 nm, corresponding to an imaginary part of the complex refractive index of = ␣ /4 =2 ϫ 10 −7 . We should comment that while the microsphere rotates freely inside the optical trap, the spatially localized excitation couples for different rotation angles to different subensembles of nondegenerate azimuthal modes which are solidal to the PM, so that the weight of different modes in the reflection spectrum changes with time. This is illustrated in the inset of Fig. 4 , where the reflectivity measured over a longer time period is shown. The observed oscillatory structure is attributed to a cyclic rotation dynamics of the sphere induced by a residual flow of the surrounding liquid. We found that the spectral position of individually resolved resonances is unchanged with time, while their amplitude varies. This confirms that the measured dynamics in the reflection spectrum is due to a changing coupling strength to individual modes as opposed to a change of the dielectric properties of the surrounding medium. The total spectral range of the measured ensemble of resonances was typically less than 200 eV, which corresponds to a PM asphericity in the 10 −4 range. In conclusion, we have measured WGM resonances with a Q factor as high as 4 ϫ 10 6 on a 30 m diameter polystyrene microsphere held in aqueous buffer by optical tweezers. Such sharp resonances could be used for sensitive detection of refractive index changes or biomolecule attachment. [2] [3] [4] For practical applications the microsphere should be fixed instead of being free to rotate to avoid mode jumping. Work is in progress to develop a planar separation layer from the substrate onto which the PM will be glued. Assuming that the minimum detectable wavelength shift is 1 / 25 of the WGM linewidth, we estimate a sensitivity to a refractive index change in the surrounding medium of 4 ϫ 10 −7 . Finally, for biosensing applications using the expression developed in Ref. 3 , we infer a protein detection sensitivity of 0.25 pg/ mm 2 in terms of surface mass loading and 0.7 fg in terms of minimum detectable total mass loading, significantly better than those in conventional SPR methods. 
